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Abstract. - In type-I superconducting cylinders bulk superconductivity is destroyed above 
the first critical current. Below the second critical current the 'type-I mixed state' displays 
fluctuation superconductivity which contributes to the total current. A magnetic flux on the 
axis of the cylinder can change the second critical current by as much as 50 percent so that 
half a flux quantum can switch the cylinder from normal conduction to superconductivity: 
the Aharonov-Bohm effect manifests itself in macroscopically large resistance changes of the 
cylinder. 



Introduction. - The superconducting condensate can be used as a 'quantum amplifier'. 
For example, microscopic effects such as quantum interference of electron waves become macro- 
scopically measurable as flux quantization. In this work the macroscopic condensate is used 
to make the Aharonov-Bohm effect prominent on macroscopic scales. 

Consider a wire of radius R with a current J parallel to the wire axis. The superconductiv- 
ity of a type-I superconductor breaks down when the current exceeds the Silsbee current Jd. 
The Silsbee current is determined from the condition that the magnetic field at the surface 
of the wire is equal to the upper critical field Jci = CoRHc/2, where co is the speed of 
Hght. For J > Jci, the so-called intermediate state forms in the wire with alternating normal 
and superconducting domains [1]. The diameter of the superconducting domains d shrinks 
and finally the intermediate state collapses when d becomes of the order of the coherence 
length ^. However, superconductivity still remains in the form of small temporal fiuctuations. 
In this 'mixed state' for type-I superconductors, superconducting fiuctuations and electrical 
and magnetic fields co-exist. The mixed state was first predicted by L.D. Landau in 1938 [2] 
as a surface state for hollow superconducting cylinders. Its existence was later verified exper- 
imentally by I.L. Landau and Yu.V. Sharvin [3]. As later shown by Andreev and Bestgen [4] 
the fiuctuation induced superconductivity is destroyed when the thickness of the fiuctuation 
layer becomes smaller than the coherence length ^, and superconductivity is ultimately de- 
stroyed at the second critical current Jc2 which was first calculated by Andreev [5]. An 
externally applied magnetic field i?a parallel to the wire axis contributes to the suppression 
of the superconducting phase and reduces Jd and Jc2 accordingly [6,7]. 

© EDP Sciences 



2 



EUROPHYSICS LETTERS 



In this work we investigate the stabihty of the mixed state in typc-I superconductors for 
a hollow cylinder of inner radius -Ri <C i? in a magnetic field iJg with an additional magnetic 
fiux line of strength $a on the cylinder axis. We show that the Aharonov-Bohm effect leads 
to strong oscillations of the second critical current ^c2(^a) as a function of <&a/^o where 
$0 = hco/{2e) is the flux quantum. The effect is particularly marked for the 'one-dimensional' 
mixed state for which R, <C ^. In this case, Jc2(^a) can vary by almost 50 percent. If the 
applied current through the wire is fixed at some value Jd < Jc2(*I'o/2) < J < Jc2(0), the 
modulation of i> between integer fiux quanta will lead to a periodic onset and breakdown of 
the superconducting current Jg as a function of The resistance fl at appHed voltage V 
becomes 

n=- = « ( 1 - ^ I . (1) 

Therefore, the Aharonov-Bohm effect leads to periodic fiuctuations in the resistance of type-I 

superconductors in the mixed state. 

Model and superconducting current. - In the mixed state with J ~ Jc2, the dynamics 
of the superconducting fiuctuations at the inner cyHnder surface is described by the time- 
dependent, Hnear Ginzburg-Landau equations with Langevin forces. In dimensionless cyHn- 
drical coordinates p, 4>, z they read [7-9] 



at 

with the differential operator 



<^ + jC^ = f{p,ip,z,t), (2) 



1 d f d\ fl d i-f iSy f d i/3 , \ 
zirApir.]-[zir--lp--] -hji + ^p' + ^^O (3) 



2 

pdp y^dpj \pdp 2'^ p) \dz ' 2 
and the Gaussian fiuctuations 

(/(p, z, t) rip', z', t')) = U(p - p') - 6{z - z') 6{t - t') (4) 

The dimensionless parameters e, (3, 7 and 5 are given by 

^^2eC^ _ 2eH,e _ H, 

4e^V _e$a_ ^ 5a 



^ = ^(T) is the coherence length, v = 8^3(1^ — T)/{tt?i) is the relaxation frequency, and e 
and m are the electron charge and mass, respectively. E is the electrical field which drives the 
total current J = Jn + in 2;-direction. For type-I superconductors was shown in [4] that 
e <C 1. Using the linearized Ginzburg-Landau equations implies that <^ J. 

The general expression for the total longitudinal fiuctuation current is calculated along the 
lines of [4, 9] and gives the result 

00 

_ 2eTkB V- /■ 
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J dk^Fr^^ik) , (6) 
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with 



DO IK 

Fnm{k) = y" dr cxp J 

L \ k-T 



dk' 



(7) 



et where kz is the wavenumber 



Xnmk is the lowest eigenvalue of £ as a function of k 
vector in z-direction. The spectrum A 
method, which starts from the ansatz Rn=o.,mk ^ P 
may restrict ourselves to the dominant contribution, n — Q [10]; a is a variational parameter 
which determines the radial extension of the superconducting region [4,9]. From the variation 
principle we then find for Xm.k 



nmk can be obtained with the help of a variational 

I I _ 2 

l™l e""'' for the radial part of i/i. We 



— \opt 
~ ^0,m,k 



Xr 



(m - (5) 7 + 4a (|to - 5\ + 1) 



|m-<5| + l) 



with 



, 7" + 4fc^/3 /?^(|m-J|+2) 



8a2 



h — 



8a3 

-/3(|to-(5| + 1) 
4a 



(8) 

(9) 
(10) 



The critical current can be evaluated analytically in the vicinity of the critical curve [8] 
but for our further analysis expHcit expressions for are not required. We merely state 
that the experimental parameters can be tuned in such a way that the fluctuation current is 
several percent of the total current, i.e., the resistance fluctuations according to Q should be 
measurable. 

Second critical current. - In our theory, the critical current Jc2(-ffa, ^a) above which the 
superconducting fluctuations vanish is determined by the condition 



Min [X^.k,APn,S)] = 1 



(11) 



If the minimum over all Xm,k„^ was noticeably smaller than unity the corresponding super- 
current would become so large that the use of a linearized Ginzburg-Landau equations would 
not have been justifled. If the minimum over all Xm,kr^ was substantially larger than unity 
would be tiny. Our theory applies to the transition region where the supercurrent is small 
but measurable. 

Solving lllip for Jc2 leads to the second critical current as a function of the external 
magnetic fleld and applied flux in the interior of the cyHnder. In SI units we flnd: 



c2 



Hc2 $0 



'c2- 



4eC3 



A' 



where 



A = 




(12) 



1 + (to — (5) 7 
6(|to-(5| + 1) 



(13) 
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For a given flux d, m in is the integer which gives the minimal Jc2 [8]. Figure Ogives a 
three-dimensional plot of Jc2 as a function of 7 (external fleld) and 6 (central flux) . 




1 . 5 
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Figure 1 - The normalized second critical current /9c2 (7, 5) for Ri ^ ^. 

The second critical current can be almost halved by the appHcation of a suitable vec- 
tor potential even if no magnetic field is present. This is a macroscopic realization of the 
Aharonov-Bohm effect. 

Conclusions. - In this work we have studied the supercurrent in a hollow cylinder of 
type-I superconducting material in the presence of an external magnetic field and a fiux line 
on the cylinder axis. We have shown that the second critical current, above which fiuctuation 
superconductivity breaks down, periodically changes as a function of the appHed fiux, by as 
much as 50 percent in the absence of an external field. These Aharonov-Bohm oscillations 
lead to a periodic change of the resistance of the cyHnder, see (QJ. The latter are measur- 
able because the currents due to the superconducting fiuctuations are sizable, of the order 
of a few percent of the total current. Therefore, a suitably tuned experiment with type-I 
superconducting cylinders should be able to verify the Aharonov-Bohm effect by macroscopic 
resistance measurement. 

* * * 

We thank F. Rothen and M. Paech for useful discussions. 
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